The authors demonstrate isotropic photonic magnetoresistive behavior in the far-infrared transmission through ferromagnetic particle collections. Total suppression of the angular anisotropy, a fundamental characteristic of anisotropic magnetoresistance, is achieved in ensembles of highly porous, "cauliflower" shaped ferromagnetic particles. They reveal a morphological origin of the isotropic magnetic behavior using a phenomenological model in conjunction with three-dimensional calculations using Maxwell's equations. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2715533͔ Since Kelvin's 1 discovery of magnetoresistance in 1857, the phenomenon has stimulated progress in magnetic recording, nonvolatile magnetic memories, and magnetic sensors.
Since Kelvin's 1 discovery of magnetoresistance in 1857, the phenomenon has stimulated progress in magnetic recording, nonvolatile magnetic memories, and magnetic sensors. 2, 3 The fundamental origins of magnetoresistance can arise from both anisotropic scattering due to spin-orbit interaction 4, 5 and Lorentz force due to the application of a magnetic field, B. Whereas all metals exhibit a small resistivity modulation due to Lorentz force, anisotropic magnetoresistance ͑AMR͒ is present only in ferromagnetic metals. A hallmark of AMR is its cos 2 dependence on the magnetic field orientation, where is the angular separation between B and the current flow direction. The inherent anisotropic cos 2 B dependence has also been recently observed in the far-infrared transmission properties of subwavelength ferromagnetic microparticle ensembles, revealing a photonic manifestation of such phenomenon. 6 In this letter, we report the demonstration of an artificially induced isotropic photonic magnetoresistive effect in the far-infrared transmission through ferromagnetic particle ensembles. Total suppression of the angular anisotropy, a fundamental characteristic of AMR, is achieved in ensembles of highly porous, "cauliflower" shaped ferromagnetic particles. Via temporally resolving the transmitted electric field through the particle ensembles, we find that the anisotropy inhibition is manifested in the electric field attenuation, while, notably, an anisotropy akin to AMR is preserved in the radiation propagation speed. The origin of isotropic magnetic behavior is explained phenomenologically in conjunction with three-dimensional ͑3D͒ calculations based on Maxwell's equations.
We employ terahertz time-domain spectroscopy setup similar to that described in Ref. 7 . The terahertz beam is focused onto a polystyrene sample cell housing a 1.9 mm thick collection of Ni ͑99.8%͒ highly porous spheroid particles having a nominal dimension of ␦ = 320 m. The morphology of the particles is characterized by large, randomly distributed columnar pillars with a typical height h Ϸ ␦ / 3 and a subwavelength width. Interestingly, the overall particle shape resembles a cauliflower structure ͓Figs. 1͑a͔͒. Large intercolumnar voids, characterized by a mean aspect ratio of 11.3± 4.6, account for an overall ensemble volume packing fraction of only 0.39.
To illustrate the nature of terahertz radiation interaction with metallic particles, one can consider a single particle having dimensions comparable to the wavelength. The terahertz electric field, E THz ͑r , t͒, incident upon the particle induces surface currents within the particle skin depth. Such currents, which constitute collective plasmon oscillations, polarize the particle. The dominant polarization mode of the particle strongly depends on the particle size relative to the wavelength, . Whereas particles having ␦ Ͻ show dipolar polarizability, particles having ␦ ϳ exhibit polarizability of higher orders 8 as illustrated in Figs. 1͑b͒ and 1͑c͒. Subsequently, the terahertz plasmon decays via either radiative reemission or nonradiative losses occurring within a skin depth of E THz ͑r , t͒. At terahertz frequencies, nonradiative losses are largely governed by the metal resistivity ͑i.e., Ohmic losses͒. 6, 7 In ferromagnetic metals, such nonradiative losses are strongly dependent on the magnitude and orientation of the external magnetic field where the resistivity is given by
where o , Lorentz ͑B , ͒, and AMR ͑B , ͒ are the nonmagnetic background resistivity, the Lorentz magnetoresistivity, and the anisotropic magnetoresistivity, respectively. Generally, AMR ͑B , ͒ ӷ Lorentz ͑B , ͒, 5 and ͑B , ͒ ϰ cos 2 ͑͒. Resistive losses from AMR ͑B , ͒ result in terahertz electric field attenuation and propagation strongly dependent on the magnetic field strength and direction. a͒ Electronic mail: kjchau@ece.ualberta.ca FIG. 1. ͑Color online͒ ͑a͒ Scanning electron microscope image of a typical Ni particle highlighting an overall spheroid shape and sub-columnar microstructure. ͑b͒ A conceptual illustration of the excitation of a terahertz particle plasmon on a metallic microsphere. ͑c͒ After excitation, the particle plasmon decays via radiation reemission or nonradiative decay in the metallic sphere.
Shown in Figs. 2͑a͒ and 2͑b͒ are the on-axis terahertz light transmission through the porous Ni particle ensemble with B applied parallel ͑B ʈ ͒ and perpendicular ͑B Ќ ͒ to the incident E THz polarization. The broad ͑ϳ15 ps͒ pulses, for identical B ʈ and B Ќ magnitudes, display similar electric field amplitude attenuation. A detailed study of this B dependence reveals a striking near-identical power, P ϰ ͗E t E t * ͘, decrease of 50% for the two B orientations throughout the entire range 0 mTϽ B Ͻ 120 mT ͓Fig. 2͑c͔͒. Thus, the results show that the plasmon nonradiative losses in the porous particle ensemble are independent of the magnetic field orientation. This isotropic behavior is contrary to the anisotropic characteristics of ferromagnetic materials, 5 and thus is artificially induced by the Ni sample. While the AMR eludes detection in P measurements, its signature can be exposed via the pulse arrival delay, ͓Figs. 2͑a͒ and 2͑b͔͒. It has been shown that the arrival delay of terahertz radiation propagated through metallic particle ensembles is sensitive to the metal resistivity. As the resistivity of the particle increases ͑de-creases͒, the radiation propagation velocity decreases ͑increases͒.
6 Referring to Fig. 2͑d͒ , as B ʈ is varied from 0 to 60 mT we observe a strong nonlinear dependence on B, reaching a maximum value of 0.8 ps. Above B ʈ = 60 mT, linearly increases at 2.7± 0.4 fs/ mT. On the contrary, over the entire range of 0 -120 mT an equivalent 3.0± 0.2 fs/ mT linear trend is observed for the B Ќ configuration. Overall, the arrival delay results suggest increased particle resistivity in a B ʈ field relative to a B Ќ field. There is a marked anisotropy in consistent with AMR characteristics.
To explore whether morphological irregularities cause isotropic B-dependent E THz ͑r , t͒ attenuation, control experiments are performed using solid Ni spheroids that lack the columnar structures featured in the porous Ni particles ͓inset in Fig. 2͑e͔͒ . Interestingly, by varying B ʈ and B Ќ over the range between 0 and 120 mT and measuring P, we observe a large difference ͑ϳ20% ͒ in P as illustrated in Fig. 2͑e͒ . Moreover, as shown in Fig. 2͑f͒ , the time-domain behavior of the transmitted electric field also shows an anisotropic B dependence. Since the solid Ni particles exhibit anisotropic signatures in both the attenuation and arrival delay, it is evident that the isotropic attenuation must be artificially induced by the morphology of the porous particles.
The experimental results suggest that the unique properties of the porous particles arise from their surface morphology. Nonradiative losses within the metallic particles are governed by the metal resistivity. This can be understood by considering the general wave equation
where E is the terahertz electric field, = r + i i is the complex permittivity, = r + i i is the complex conductivity, J d = ‫ץ‬E / ‫ץ‬t is the electron displacement current, and J f = E is the free electron ͑Ohmic͒ current. The complex conductivity is related to the complex permittivity through = i / . For a harmonic electric field of the form e −it , currents in Eq. ͑1͒ are given by J d =−i r E and J f = r E. At terahertz frequencies where i ӷ r , Ohmic current is the dominant term in Eq. ͑1͒. Thus, electromagnetically induced terahertz plasmon oscillations ͑collective surface currents͒ on the ferromagnetic particles can be viewed as a free electron current, which nonradiatively decay via a B-dependent resistivity, ͑B , ͒ = r −1 . When the terahertz electric field is incident on the porous, cauliflower shaped particle, plasmonic surface currents are excited throughout the particle surface area. To elucidate the origins of the isotropic P attenuation in the porous particles, we distinguish between the plasmon oscillations on the exterior particle surface ͑exterior surface plasmons͒ and those on the interior surface within the particle voids ͑interior surface plasmons͒. As we will show, these two contributions to the total surface current influence the B-dependent properties of the particle in different manners. Since the surface area within the voids is significantly greater than the surface area of the particle exterior, overall Ohmic losses ͑causing amplitude attenuation of the reemitted fields from the particle͒ are largely determined by losses associated with the interior plasmonic currents. These currents are driven by the near-field electric field within the voids. It should be noted that for a good conductor, the terahertz electric field lines meet normal to the metal surface. Due to the morphology of the particle voids, the interior electric fields ͑and their associated plasmonic currents͒ are randomly oriented and have no preferred directionality with respect to the applied B field. Thus, the cauliflower shaped particles exhibit, on average, B-induced attenuation independent of , giving rise to isotropic photonic magnetoresistance.
The B-dependent transmission arrival delay, , exhibits a different morphological sensitivity than the attenuation. The terahertz radiation propagates through the particle ensembles via near-field coupling of the radiative field associated with the polarized particle. 7 On the individual porous particles, interior plasmons within the voids are highly confined ͑since the intercolumnar spacing Ͻ͒ and cannot radiate efficiently. Therefore, radiation propagation is predominantly mediated by the radiative field originating from surface plasmons on the particle's exterior. Unlike the randomly oriented interior plasmons, exterior plasmons retain an overall directionality along the incident polarization. 9 As a result, exterior plasmonic currents are more sensitive to ͑B , ͒ ϰ cos 2 ͑͒. This sensitivity is mapped onto the experimentally observed anisotropic B-dependent arrival delay ͑or propagation velocity͒.
To further explore the effect of particle morphology and to visualize the interior surface plasmons within the porous particles, we perform comparative 3D finite difference timedomain analyses 10 of the electromagnetic responses of a solid and a porous spherical particle having morphology and size matching those used in the experiments. Figures 3͑a͒  and 3͑b͒ show the electric field amplitude spatial distribution for both Ni particles taken 2 ps after 1 ps wide terahertz pulse excitation. For the spherical particle, the electric field near the outer surface is weak and symmetrically distributed. In contrast, the porous particle shows spatial field confinement at the voids. To map and to visualize the spatial distribution of the plasmonic currents on both particles, we chart the electromagnetically induced surface charge. For representative illustration, we plot the surface charge distribution along the midplane of the particles parallel to the incident field polarization. As shown in Figs. 3͑c͒ and 3͑d͒ , the incident pulse at time t = 0 ps induces similar bipolar charge distributions at the surfaces of both solid and porous particles. Later, at time t =1 ps ͓Figs. 3͑e͒ and 3͑f͔͒, a quadrupole charge distribution is evident in the particles where two halves of the outer particle surfaces oscillate at opposite polarity. The frames at t =2 ps ͓Figs. 3͑g͒ and 3͑h͔͒ clearly illustrate high surface charge accumulation within the columnar structures of the porous particle. Over the excitation interval, the porous spheroid exhibits similar quadrupolar exterior charge accumulation as the solid spheroid, albeit with additional isotropically distributed interior charge accumulation. The simulations provide strong evidence of the existence of electromagnetically induced charge motion within the particle voids ͑giving rise to interior surface plasmons͒, which we have experimentally and phenomenologically shown as the origin of the observed isotropic photonic magnetoresistance effect in the porous particles.
In conclusion, we report on the experimental observations of artificially induced isotropic photonic magnetoresistance. The discovery of isotropic magnetic attenuation paves the way for the development of magnetically sensitive photonic devices. This work was sponsored by NSERC and the CRC Program. FIG. 3 . ͑Color online͒ Top panels illustrate the solid ͑left͒ and porous ͑right͒ structures employed in three-dimensional finite difference time-domain calculations, which use spatial and temporal resolutions of 5 m and 10 fs, respectively. A quadrant of the particles is removed for illustrative purposes to highlight the internal structures. Electric field amplitude images of singlecycle terahertz pulse excitation of ͑a͒ a solid Ni spheroid and ͑b͒ a porous Ni spheroid 2 ps after the arrival of the terahertz pulse. Corresponding charge density images for a solid Ni spheroid ͓͑c͒, ͑e͒, and ͑g͔͒ and a porous Ni spheroid ͓͑d͒, ͑f͒, and ͑h͔͒ at various times. The arrows depict the polarization orientation of the incident electric field.
